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Two-photon interference is a fundamental phenomenon in quantum mechanics and stands at the 
base of numerous experimental observations. Here another manifestation of this phenomenon is 
described, taking place at a Y junction. Specifically it is shown how the r 2 + t 2 term which is 
behind previous observations of two-photon interference, may give rise to different states at a beam- 
splitter and different two-particle transmission coefficients at a Y junction. Different from previous 
descriptions of quantum transmission based on one-particle physics, the enhanced transmission 
described here is due to two-particle physics. 
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Quantum reflection or transmission is a term used 
when classical probabilities cannot explain a reflection, 
e.g. when a wave packet hits a potential well, or trans- 
mission, e.g. when a wave packet tunnels through a bar- 
rier. Numerous effects may be termed quantum reflec- 
tion, from atoms reflected from a surface [T] , to coherent 
back scattering of light [5] , and similarly there are abun- 
dant examples of quantum transmission such as electron 
transport through a ring 3J . Quantum transmission with 
larger than classical probabilities is also named quantum 
tunneling and is the base for numerous physical phenom- 
ena (e.g. radioactive decay, cold emission, quantum con- 
ductivity) as well as many applications (e.g. scanning 
tunneling microscope, tunneling diode). These effects are 
due to the quantum behavior of single particles. In this 
letter we discuss enhanced transmission due to quantum 
interference of two particles, specifically photons. 

Two-photon interference is one of the most important 
representations of quantum optics. It has been reviewed 
in many text books as well as numerous scientific papers. 
At the base of the effect stands the measured joint proba- 
bility of the detection of two particles (typically photons) 
by two detectors. This is usually referred to as intensity 
correlations and is very different from the amplitude cor- 
relations (or first order coherence) which is measured in 
a typical interference experiment such as the well known 
double slit experiment. 

Two-photon interference has thus far presented itself 
in several ways including the HBT (Hanbury Brown and 
Twiss) effect gHH] and the HOM (Hong-Ou-Mandel) 
effect [12j [32]. Quantitatively, this phenomenon is de- 
scribed by the second order coherence function [13 . This 
function is defined as 

gW = {hh)/{h){h) (1) 

where I\ and I2 are the currents in the two photo- 
detectors, and the angled brackets denote the mean. An 
extensive description of the phenomenon appears in the 
book of Scully and Zubairy |15) and in numerous papers 



(e.g. Mandel's overview [16J. The results of a exper- 
iment typically depend on the type of source (e.g. ther- 
mal - two independent atoms, correlated photons from 
a down converter, etc.) and on the phase the particles 
accumulate on the way to the detectors by virtue of op- 
tical elements such as beam splitters or simply distance. 
For example, in the case of the HBT effect the phases are 
accumulated due to different paths while in the case of 
the HOM effect they are accumulated due to an interac- 
tion with an optical element. These are technical details 
which should not mask the common fundamental origin. 

The beauty of two-photon interference as well as the 
source of many of the resulting misconceptions lies in the 
fact that it cannot be viewed as the interference of two 
waves, as is done in the double slit experiment. This 
was nicely exhibited by the experiment of Pittman et al. 
in which the two photon wave packets hit a beam split- 
ter at different times, and still interference was observed 
|17) . Two-photon interference is the interference between 
two possible occurrences (or histories) which are indistin- 
ct (b) 

Two-particle output: 




FIG. 1: (color online) Two-photon interference in a Y junc- 
tion: (a) a PCC state impinging on a Y junction, (b) a HOM 
state impinging on a Y junction. In the second, the outgoing 
flux is twice as large as in the first. As the PCC state gives 
the same flux as classical particles, the HOM state exhibits 
two-particle quantum transmission. 
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guishable as they lead to the same observed result. 

Photon counting experiments are experiments in which 
the emission temporal statistics of a source are measured 
[IS] . These experiments are related to the above exper- 
iments in the fact that both are sensitive to the source 
characteristics, and in the fact that what is measured is 
the </ 2 ) intensity-intensity correlation as before (here, as 
a function of time between two photon detections). The 
difference between spatial coherence and temporal coher- 
ence is nicely described in Ref. [H]. In the following I 
use the term "photon counting experiment" (PCE) or 
"photon counting configuration" (PCC) simply to note 
a geometry in which both photons impinge on the beam 
splitter (BS) from the same port. 

In this paper I wish to emphasize a fundamental differ- 
ence between the PCC and HOM states and show that 
when they impinge on a Y junction, one acquires a trans- 
mission probability which is identical to a classical state 
while the other acquires a probability twice as large. This 
effect is due to two-particle interference and may there- 
fore be named two-particle quantum transmission. 

PCEs may actually be done by one high temporal reso- 
lution detector. This arrangement indeed tests the char- 
acteristics of the source which give g^ 2 '(r = 0) > 1 for a 
chaotic source, = 1 for a coherent source and < 1 for a 
non-classical source. However, in practical experiments, 
a 50/50 BS is added and two detectors are positioned 
symmetrically relative to this BS so that their individual 
inability to detect small time gaps between photons, does 
not inhibit the joint detection of such gaps. Hence, one 
detector starts the clock while the other stops it. 

By analogy, the question may be asked: if a BS in- 
troduces such strong detection correlations in the HOM 
interference experiment, what are the produced correla- 
tions when the two photons impinge from the same port? 

The usual theoretical treatment suggests that a PCE 
with one detector is exactly the same as two detectors 
with a BS. Let us see why. We first define the relation 
between the incoming and outgoing modes of the BS (Fig. 
[lj. If a* and a are the creation and annihilation operators 
of the incoming light mode via which the photons impinge 
on the BS, and if and c k are the operators of the two 
outgoing modes (k — 2, 3), we may take the relations to 
be = (c 3 + c 2 )/-\/2 and a — (c 3 + c 2 )/\/2. This means 
that the average photon number (or expectation value) 
in detector 3 (in the presence of a BS) is: 



n 3 = (n\clc 3 \n) = (0|(o) n c£c 3 (oT) n |0)/n! = (2) 



and similarly for fi2- The two-detector correlation is 
{n 3 n 2 ) = {n\c\$ 2 c 2 c?,\n) . Expanding as we did previously 
this gives (n 3 n 2 ) = \n(n — 1). One thus finds 
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which is exactly what one gets without a BS, namely, 
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Introducing a phase into the above relations between 
a and c changes nothing. 

We thus see that indeed the splitting or the phase 
makes no difference. It is therefore understandable that 
an analysis of interference effects caused by this BS has 
to the best of my knowledge been neglected, and that 
PCEs have been to a large extent described as lying out- 
side the family of two-photon spatial interference exper- 
iments. In this letter we show that also PCC states give 
rise to two-photon interference, and that the outcome of 
this interference is different than that of the HOM state. 

To complete our rather lengthy review, let us now in- 
troduce for the sake of unitarity a 7r/2 phase into the 
reflected mode of the BS by defining fit — (63 -I- ia^/V?* 
and a = (£3 — ic 2 )/\/2, and verify that this indeed gives 
the HOM effect, where the phase does matter. For the 



other incoming port we have w = { 



ic 



)/V2. 



For the HOM scenario in which two correlated photons 
hit the BS, each photon from a different side, we have: 

« f 6 f |0) = i(4 + 4)(4 +4)10} = ^(|2,0) + |0,2»(5) 

as for bosons the two outgoing operators commute. |2, 0) 
and 1 0, 2) equal ^c^CglO) and ^c 2 c 2 |0) respectively. 

For arbitrary reflection coefficients, the same result 
may be described in the following way (e.g. [Tt)| ): 



y/2H\2, 0) + \/2rt|0, 2) + (r 2 + t 2 )\l, 1) 



(6) 



where r and t are simply the reflection and transmission 
amplitudes, and |1, 1) = C3C2 1 0) . 

For the case of a 50/50 BS one has r = te 1 ? . As usual, 
the squared moduli of the coefficients gives the associated 
probabilities. We see that the fundamental reason for the 
HOM two-photon interference resulting in no-coincidence 
counts lies entirely in the fact that the amplitude of the 
1 1, 1) state is r 2 + t 2 which, for a 50/50 BS, is just zero. 

One may verify that in the case of a PCC, one has: 



1 

T2 



;Ut| ) _ 



1 

71 



„2~t-t 



)|0)+V2rt(c 3 c 2 )|0) 



r 2 |2,0) +V2rt|l,l) +i 2 |0,2).(7) 



We now go back to the operation of the BS in a PCC. 
The main message of this letter is to point out that ex- 
actly the same r 2 +t 2 amplitude may be found in a PCC. 
However, because r 2 and t 2 terms in the PCC state are 
associated with spatially separated states (contrary to 
the HOM state) , it may give rise to very different behav- 
ior as shown in the following. 

Let us begin by noting that there is a unique difference 
between the HOM state of Eq. ^ and the PCC state 
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described by Eq. ([7]): while the probabilities of the two 
surviving bunched states in the former add to one, the 
probability of the single state in the latter not connected 
to the t 2 and r 2 terms amounts to one half. If we could 
therefore keep only the anti-bunched state in Eq. (J7]), 
we would be in fact forcing half of the PCC flux to be 
reflected back compared to the HOM flux. 

Let us analyze an experiment that will do just that. In 
Fig. [I] we connect the two output ports of a BS to the 
two input ports of a Y junction. Such a Y junction may 
perhaps be realized by the methods described in [2U]. If 
indeed each outgoing port of our BS could be coupled 
into a Y junction to combine the two into one mode in 
which all three states of Eq. |7| are indistinguishable, we 
would add the three amplitudes to calculate the flux in 
the combined channel and find that the flux has dropped 
to \V2rt\ 2 = 1/2. We would thus expect 50% of the pho- 
tons to be reflected back towards the source relative to 
the HOM state. While previous realizations of quantum 
reflection or transmission utilize single particle physics, 
this difference would be due to two-particle physics. 

Let us review this with more detail. We have analyzed 
Y junctions in [5TJ [55]. As an example, I utilize a real 
3x3 transfer matrix which we have analyzed in [23j and 
which transfers the vector of three outgoing amplitudes 
to a vector of three incoming amplitudes: 



/ 1 - 2T a/2T(1 - T) V /2T(1 - T) 

V /2T(1 - T) -(1-T) T 
V V / 2T(I - T) T -(1-T) 

where T is the " cross talk" (transfer amplitude) between 
the two incoming channels. We label the outgoing (com- 
bined) port with index 1 and the two incoming ports 



(joining BS with Y) as 2 and 3. We thus see that c\ in = 
V /2T(1 - T)c{ out - (1 - T)cl out + Tfi* and similarly 



^3, in 



V2T(l-T)cI iOUt + r4 iOUt -(l-r)4 iOUt . As our 
incoming state is [Eq. B] ^ 2 (c^,J 2 + ^t 2 {c\ m ) 2 + 



^/2rtc\ 



j, we find the outgoing state to be 



-±=r 2 (^/2T(l-T)c{ out - (1 - T)c{ out + Tc{ out ) 2 + 



t 

2, out 



^=t 2 (^2T(l-T)c{ out + T£ : 
V2rt(^/2T(1 - T)c\ t - (1 - T)c 



(i-y)C» t ) 2 + 



T& 



W2T{\ - TyA ut + Tc{ out - (1 - T)4„ t ).(8) 



Thus, the probability for having c\ 



is 



|-^(r 2 + i 2 ) + V2rt\ 2 \[2T(l - T)]\ 2 = ~[2T(1 T)] 2 ,(9) 

where we have used for the equality t = ^ an< ^ r = 

For the HOM state [Eq. ^} , and following the same 
path which led to Eq. ([9]), one finds 

\2rt + (t 2 + r 2 )| 2 |[2T(l - T)]| 2 = [2T(1 - T)] 2 . (10) 

One may hypothesize that this indicates that bunched 
states scatter forward better than anti-bunched states, 
but this is not so as this difference is independent of the 
value of the reflection and transmission coefficients. 

As for indistinguishable particles ^75 c{ out c[ out = 
1 2, 0, 0} , the final transmission (forward scattering) prob- 
ability of the PCC state would be [2T(1 - T)] 2 and for 
the HOM state 2[2T(1 - T)] 2 . As expected, the former 
is smaller by a factor of two relative to the latter. 

For a state of two independent photons one finds: 
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FIG. 2: (color online) measuring two-photon interference in a 
PCC experiment (beam splitter in red): similar to the HOM 
state, the t 2 and r 2 amplitudes are associated with two in- 
distinguishable events. Contrary to the HOM states, the in- 
distinguishable states of the PCC are spatially separated, (a) 
measured by an external beam splitter and two photo-diodes 
d,2 and ds, and (b) measured by an external polarizing beam 
splitter with polarizers set to +45° in front of the detectors. 



[|r + t| 2 |V2T(l-T)| 2 ] 2 = [2T(1-T)] 2 . (11) 

As for two independent photons c} out c\ out — |2, 0, 0), 
the final probability for forward scattering is [2T(1— T)] 2 . 
We thus find the forward going flux of the PCC state to 
be the same as the flux of two independent photons. The 
flux of the HOM state, being twice as large, may then be 
named quantum enhancement or amplification. 

It is insightful to see why the above phenomena does 
not take place in a normal Mach-Zehnder (MZ) interfer- 
ometer. Let us analyze a PCC state as in Fig. [2^,. 

Inserting the definitions of 63 and £2 in terms of and 
di into Eq. nVJ) , we find (not noting the vacuum state) 



1 



V2 



:(*w 3 



tdl)(rd\+tdl) 

r 2 (rd\ + td\){rd\ + td^)) + 2rt(rd\ + td\){rd\ + td^)] 
(r 4 + i 4 )|0, 2) d + 2t 2 r 2 \2, 0) d + V2rt(t 2 + r 2 )|l, l) d + 
2t 2 r 2 \2, 0) d + 2t 2 r 2 |0, 2) d + V2rt(r 2 + t 2 )\l, l) d = -|2, 0)t;L2) 
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where the index d denotes the detector plane. 

We thus find that just like in the HOM effect, the 
t 2 + r 2 factor originating from the first BS has eliminated 
the probability for coincidence counts in the third term. 
Furthermore, the above result is an outcome of a rather 
dramatic destructive interference between the events in 
which the photons are bunched after the first BS and the 
event where they are anti-bunched (first and fifth terms), 
where the first term again arises from the t 2 + r 2 factor 
of the first BS. This eliminates the |0, 2) d state. As two 
output ports are available to the photon flux, the above 
interference will not change the total outgoing flux, only 
the specific port through which the flux exits. In this 
case, all photons exit through the |2, 0} d state, a result 
which is identical to that obtained from two distinguish- 
able photons traversing a MZ interferometer. Similarly, 
a HOM state (i.e. one photon from each input port of 
the MZ) will give the same result as two distinguishable 
photons. 

Let us complete the discussion by showing how two- 
particle indistinguishable events which are associated 
with the t 2 and r 2 terms (similar to the HOM situation) , 
and which are spatially separated (contrary to the HOM 
situation), destructively interfere. Contrary to the MZ 
scheme presented above, the following result cannot be 
explained as a sum over single photon evolution. As is 
shown in Fig. [2]d, we replace the second BS with a po- 
larization BS (PBS). We assume that there is no phase 
difference induced by the PBS between the reflected and 
transmitted modes. Furthermore, we utilize a source 
which gives rise to two photons with perpendicular po- 
larizations (e.g. type II down converter). Last, we place 
+45° polarizers in front of the detectors. As the opera- 
tion of the first BS is polarization independent we find 
for \ip) = a|4j0) as in Eq. (JtJ) 

r %,A± + rt ( £ lflx + 4,n4a) + * 2 4,n4,x- ( 13 ) 

Following the known features of a PBS, we now make 
the interchanges c| ,i — > 4 ,,, Cg ± — > d\ j_, c!, ,, — > cflj ,,, 

and c 2 j_ — > 4 j_ . This gives, 

r 2 4 y 4 i± + rt(4 H 4 )± + 4,||4,±) + * 2 4,u4,± = 

r 2 (4 i+45 + 4,-45)(4,+45 - 4,-45) + 

^[(4,4-45 + 4,-45)(4,+45 - 4,-45) + 

(4, +45 + 4,-45) (4, +45 — 4,-45)] 

+* 2 (4,+45 + 4,-45) (4,+45 ~ 4,-45) -(14) 

where we have ignored the l/\/2 factors. 

Only the terms multiplied by r 2 and t 2 may give rise 
to a coincidence count, and as the detectors are preceded 
by polarizers set at +45°, only the terms r 2 4.+454 +45 
and t 2 d\ +45 4 +45 ma y & ve p i se to a coincidence count. 



As [4:4l = we may join these two terms to give (r 2 + 
+45^2, +45 = 0- Thus, the coincidence count rate will 
be zero (gW = 0). This result is a unique indication of 
two-photon interference and it cannot be imitated by two 
single photons as these would give rise to a coincidence 
count with a probability of 2/16 (g^ = h). Let us note 
what is trivial but perhaps insightful, and that is that the 
projection onto the 45° basis by the polarizers acts as a 
quantum eraser erasing which-path information |24H27j . 
The polarizers have erased the information of whether 
what transpired was a |0, 2) or a |2, 0) event, these events 
being very different from the HOM events. 

The claim may be made that as we have used two dif- 
ferent photons as input we have not made a true analog 
of the PCC, but rather an analog of the HOM exper- 
iment whereby the two polarizations correspond to the 
two HOM incoming states. This is not so as the t 2 and 
r 2 terms giving rise to the effect in the above calculation 
correspond to spatially separated output states and not 
to the HOM output states which are not spatially sepa- 
rated. It is this spatial separation of the indistinguishable 
events which differentiates the HOM and PCC events. 

To conclude, we have shown that the t 2 + r 2 inter- 
ference term responsible for the HOM effect may be 
observed also in the photon counting experiment con- 
figuration when utilizing the correct measurement ba- 
sis. Specifically, we have shown that when different two- 
photon states impinge on a Y junction, one finds differ- 
ent forward going fluxes. These findings represent two- 
particle quantum transmission. 
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